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The magnetocapacitance of a two-dimensional electron system (2DES) is investigated experimen-
tally, both under and away from Quantum Hall (QH) conditions, at frequencies between 1 kHz and
100 MHz. The nature of the capacitive signal in a bounded 2DES is determined by a resistive cut-off
frequency 1/τ ∝ σxx, the longitudinal magnetoconductivity. A new response mechanism is reported
for angular frequencies ω > 1/τ , which is controlled by the transverse or Hall conductivity σxy
and the boundaries of the sample, even at frequencies far below those of the Edge Magnetoplasma
resonances and away from the QH-conditions.
PACS numbers: 73.40.Hm, 73.50.Jt, 73.50.Mx
The spatial dependence of the electrical properties,
and in particular the role of the sample-edges, remains
one of the major issues of present-day research of two-
dimensional electron systems (2DES) in the Quantum
Hall (QH) state [1]. A large number of experiments, em-
ploying finite-frequency methods, has recently been re-
ported on qualitative and quantitative investigations on
the current or charge distributions. Inductive techniques
have been used to investigate Hall currents in the bulk
of the sample [2]. Magnetocapacitance data have yielded
evidence for quantum edge channels [3], but on the other
hand display properties that are clearly of classical ori-
gin though they would be more readily understood in
terms of quantum channels [4,5]. Such techniques have
also been applied to test theories for composite fermions
in the fractional QH effect regime [6] or to study as yet
poorly understood phenomena associated with in-plane
tunneling of electrons [7]. Of particular importance are
direct imaging techniques of various kind [8,9]. Very
recently, novel high-resolution scanning probe imaging
techniques have been developed, some of which depend
basically on AC-techniques [10,11]. Low-frequency (100
kHz) AC measurements give quite different results from
DC methods and are the key to imaging mobile charges
[11].
Despite its increasing use, a thorough understand-
ing of magnetocapacitance or more generally finite-
frequency properties, is still lacking. Traditionally, (mag-
neto)capacitance is used to obtain information on the
density of states (DOS) in the 2DES [12]. Since it became
clear that the longitudinal conductivity σxx strongly af-
fects the measured magnetocapacitance [13], it is now fre-
quently used to study transport properties. Most previ-
ous experiments measured the signal between two circu-
larly symmetric and capacitively-coupled electrodes in a
Corbino geometry. No signal is then obtained if σxx = 0,
as in the low temperature QH region [13]. Intuitively,
σxx is expected to be essential for capacitive coupling
and consequently it has been suggested that ”in the true
Quantum Hall region, it is impossible to couple capaci-
tively to a 2DE[S], since no charge flow can occur” [14].
Dynamical effects in strong magnetic fields for more
general arrangements than the Corbino, at frequencies
much lower than any characteristic frequency of the
2DES were investigated by Lea et al. [15] for the classi-
cal system of electrons on liquid helium, fully screened by
metallic plates parallel to the 2DES. Independently, they
were studied for the screened semiconductor 2DES by
Grodnensky et al. [16]. In the experimental arrangement
of Ref. [16] the magnetocapacitance varied with magnetic
field by only a few percent, which could suggest that the
Hall coupling is of marginal importance only. Moreover,
the distinct roles of both tensor components σxx and σxy
were not explicitly revealed. In addition, from the re-
sults of [16], it was not clear what the implications are
for more conventional, low-frequency capacitance mea-
surements (e.g. Ref. [3]).
In the present work, we demonstrate experimentally
that a capacitive coupling can also arise because of charge
accumulation at the edge due to the Hall effect. The
charge can propagate along the edge as a result of the
transverse conductivity σxy. A direct experimental proof
is obtained by the use of a grounded Ohmic contact in
the centre of a square sample, which eliminates any con-
duction across the bulk of the 2DES due to finite σxx.
It is shown that this new coupling mechanism is effec-
tive irrespective of the Quantum Hall conditions. The
relative importance of the σxx and σxy contributions is
controlled by an RC time constant τ = ε0εrW/σxx [16],
which is the time it takes excess charge to diffuse out over
the entire sample with lateral dimension W . For angular
frequencies ω > 1/τ , the σxx-contribution is ineffective.
1
The condition ωτ > 1 is easily fulfilled at the QH-regions
because of the vanishing σxx. Outside the QH-regions it
is satisfied in the present work by using sufficiently high
frequencies ω. Our results predict that a finite residual
capacitance will occur for ωτ ≫ 1 both at and outside
the QH-regions, for the real, smooth density profile of
the 2DES near the sample boundary. No explicit appeal
to metallic edge channels is required.
The samples are obtained from a modulation-doped
GaAs-AlGaAs heterostructure with 2DES density n =
1.6× 1015 m−2 and mobility µ =80 m2/Vs. Two 10×10
mm2 samples were cleaved from this wafer. One was
not further treated and coupled along opposite sides to
two pieces of centre conductor wire out of a coaxial cable,
which serve as excitation and detection electrodes similar
as in Ref. [16] (see inset in Fig. 1). A 7×7 mm2 mesa was
etched out of the other and two Al strips were deposited
along opposite sides on the remaining GaAs substrate
to serve as excitation and detection electrodes. A small
(0.3×0.3 mm2) Ohmic contact was made in the centre
of this second sample, which is connected to ground (see
inset in Fig. 2). The rms excitation voltage V was 10
mV. At low frequencies (< 100 kHz), the in- and out
of phase components of the current I induced in the de-
tection electrode were measured using a current pream-
plifier and lock-in detector. At higher frequencies, an
rf-spectrometer was used as receiver with a 50 Ω input
impedance, much smaller than 1/ωC, where C ∼ 10−12 F
is the coupling capacitance, so that effectively the cur-
rent amplitude is measured in this case. All experiments
were done at a temperature of 1.5 K, where σxx is typi-
cally 3× 10−6 Ω−1 at 5 T, falling to below 10−8 Ω−1 at
ν ≡ nh/eB = 2 (e elementary charge, B magnetic field
and h Planck constant). Standard resistivity data (ρxx
and ρxy) were obtained from a third conventional Hall
bar sample from the same wafer.
A set of data for sample 1 for 4 frequencies is shown
in Fig. 1. At the lowest frequency (10 kHz), the signal
is nearly field-independent but a broad shallow (∼ 10%)
minimum around 1 T is clearly visible in addition to a
shallow dip at ν = 2 (3.3 T). The evolution of the pat-
tern when the frequency is increased is shown by the next
three traces, which are characterised by the persistent
broad minimum, followed by a series of relatively weak
(10 %) Shubnikov-deHaas (SdH) oscillations and a peak,
which precedes a cut-off of the signal at higher fields.
The data of the traces at 53, 63 and 80 MHz are similar
to those reported previously [16,17]. The main peak cor-
responds to an Edge Magnetoplasmon (EMP) resonance
which is identified by the 1/B- dependence of the reso-
nant frequency [17]. EMP’s [18] are a manifestation of
the Hall effect, with charge excitations localized over a
distance ℓ near the boundary of the sample and wave ve-
locity proportional to the Hall conductivity σxy ∝ 1/B.
The damping of EMP’s is determined by σxx. For the 63
MHz trace, the frequency is chosen such that the EMP-
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FIG. 1. The experimental capacitive response normalised
to the zero-field signal, at 4 frequencies. Inset: experimental
arrangement. The resonance at 63 MHz coincides with the
ν=2 QH-plateau.
resonance coincides with the centre of the QH-region at
ν = 2. At the other frequencies the resonance occurs out-
side a QH-region, resulting in a much broader resonance.
The termination of the magnetocapacitive coupling by
the σxy-controlled EMP-resonance suggests that the cou-
pling is a result of the Hall effect. At zero field there
is obviously no Hall effect, so then the coupling across
the 2DES is purely resistive. As a result, it is expected
that there is a gradual transition from purely resistive
σxx-coupling at low fields, to Hall σxy-coupling at high
fields. The resistive coupling decreases with field because
of the decrease of σxx with field, as has previously been
described in the resistive plate model [13]. The Hall cou-
pling becomes more important at higher fields as then
σxy ≫ σxx. The minimum near 1 T marks the crossover
between the two mechanisms.
A direct proof for the different response mechanisms is
obtained by the use of sample 2 (Fig. 2). The grounded
central contact shorts out the bulk contribution, by keep-
ing the central part of the sample at ground potential. At
low frequencies, a transmission signal is only observed at
the QH-regions where σxx → 0. When the frequency
is increased, a signal appears also in between the QH-
regions. At high frequencies, the transmission is very
similar to Fig. 1, except at very low magnetic fields.
This directly confirms the crossover from bulk to edge
conduction. At low frequencies, the current through the
central contact was also measured: see bottom trace in
Fig. 2. The magnetic field dependence is complementary
to that of the capacitive detector in the upper trace. The
capacitive response is determined by two length scales.
The first is a length ℓ = σxx/ε0εrω [18,19] transverse to
the edge, which corresponds to the distance over which
charge penetrates the sample in a direction perpendicu-
lar to the edge in a time 1/ω. The second is the EMP-
wavelength along the edge, given by λ = σxy/ε0εrω [18]
(apart from a factor of order unity). Capacitive coupling
occurs (i) via σxx for ℓ ≫ W (the sample size) and (ii)
via σxy for ℓ ≪ W ≪ λ. A quantitative estimate for ℓ
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FIG. 2. Upper 4 curves: the experimental capacitive re-
sponse at 4 frequencies with the centre contact grounded.
Inset: experimental arrangement. For this sample, the reso-
nance at 55 MHz coincides with the ν=2 QH-plateau. Lowest
curve: the current through the centre contact at 10 kHz.
may be obtained from Fig. 2 for fields outside the QH-
regions. The frequency of 1 MHz, which clearly marks a
transition regime, together with the experimental value
for σxx near 5 T and an average εr ≃ 5, yields a value
ℓ ∼ 6 mm, indeed in the order of the sample dimension
W. Values found for ℓ in the domain of EMP-studies are
in the order of 1 µm [20]. In the QH-region with ν = 2
(σxx ≪ 10
−8 Ω−1) we estimate that ℓ ≪ 3 mm at 10
kHz, consistent with the edge mode coupling. We have
discussed these effects in the context of magnetocapac-
itance, but they are intrinsic to the sample and would
also be observed for Ohmic contacts. In the domain of
EMP’s, the equivalence of Ohmic or capacitive contacts
was recently explicitly demonstrated [21].
In previous works on resistive coupling [13,15], it has
been very helpful to visualise the physical concepts in
terms of a series C − R − C electrical circuit, with R
proportional to 1/σxx. In Fig. 3, it is shown that also
the basic features of the present data can be recovered by
the circuit by adding an additional branch parallel to R
as shown in the insets in Fig 3, (c) and (d). The parallel
branch consists of a (field dependent) inductance L(B)
to incorporate a circuit resonance (frequency
√
2/LC) to
simulate the EMP-resonance. Guided by the theory for
EMP-damping, the resistor R1 in series with L should
be proportional to σxx. It should however diverge when
B → 0, because the Hall effect should be switched off
there. The ground contact of Fig. 2 can be incorporated
by splitting the resistor R as in the inset to Fig. 3(d).
This model is very useful in understanding the experi-
mental response, though no universal R(B) and R1(B)
dependence will fit all the data. A typical example corre-
sponding to the configurations of Figs. 1 and 2, is shown
in Fig. 3 (c) and (d) respectively, that employ model
R(B) and R1(B) displayed in Fig. 3(b). The experimen-
tal σxx trace is given in Fig. 3(a).
The simulations confirm that the broad minimum near
1 T in the rf-signal comes from the crossover between
bulk (i.e. R-branch) and edge (i.e. R1-L-branch) con-
tributions. The two configurations differ basically at low
fields only, where the ground in the resistive path shorts
the signal. For the experimental data, this implies that
the edge contribution is well developed by 1 T at rf fre-
quencies. Finally, at the frequency of 80 MHz, the (very
broad) circuit resonance occurs at 2.6 T, outside the QH-
region. Nevertheless, the peak of the signal occurs near
the minimum in σxx, just as in the data.
An explicit demonstration of the existence of two cou-
pling paths is provided by the phase behaviour of the
signal at intermediate frequencies, which has a very com-
plex field-dependence; an example is shown in Fig. 4(a).
A circuit representation is now invaluable for a qualita-
tive understanding. Fig. 4(b) shows that the data can
be nicely represented by the two-branch circuit, with a
proper adjustment of the parameters (see inset). The
zero-crossing of the in-phase signal basically marks the
cross-over from the dominance of one branch to the other
and occurs when all impedances R, R1, and 1/ωC are
comparable.
Away from the QH-regions at low frequencies, the
characteristic length ℓ ≫ W . Consequently, as is also
clear experimentally, Figs. 2 and 4, bulk resistive cou-
pling is also important here. On the other hand, the
broad minimum near 1 T in Fig. 1 was interpreted as
a manifestation of the σxy coupling mechanism. At low
frequencies, outside the QH-regions, the two channels are
coupled and no longer act independently.
At sufficiently low temperatures, at the QH-regions,
σxx vanishes, and so would ℓ. However, as is known
from analysis of EMP-excitations the shape of the density
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FIG. 3. (a) Experimental σxx-data (converted from mea-
sured resistivities). (b) Modelled 1/R(B) and R1(B) depen-
dencies, to generate the circuit (see insets to (c) and (d))
current I , normalised to zero field or with R=0, for (c) cor-
responding to the case without (comp. Fig. 1) and (d) with
(comp. Fig. 2) centre contact. L(B) is such that the (very
broad) circuit resonance ω = (2/LC)
1
2 occurs at 2.6 T.
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FIG. 4. (a) Experimental in- and out of phase response
(dashed and solid lines respectively) of the configuration with
grounded centre contact at 40 kHz. (b) Normalised in-
and out of phase response (dashed and solid lines respec-
tively) of the circuit shown in the inset. Circuit parameters:
C = 2×10−12 F, ω/2π = 40 kHz; R1(B) and R(B): see inset.
Note that no inductance has been used, as its impedance is
negligible at low frequencies.
profile near the edge is extremely important [18,15,22].
When ℓ as defined above becomes smaller than the length
ξ over which the equilibrium charge density decays to
zero at the edge (i.e. when ωτ ≫ 1), ℓ must be replaced
by ξ [18,15]. The length ξ is of the order of the lateral
depletion length (1 to 10 µm) and is (practically) inde-
pendent of σxx or σxy and so of B. The residual capac-
itance at the QH-regions observed in the experiments of
Takaoka et al. [3], was taken as evidence for the existence
of edge channels, whose total width is also of the order of
the lateral depletion length [23]. It is important to note
that such a finite residual capacitance is expected from
an entirely classical analysis as well. The situation is
analogous to the classical or quantum approaches of the
high-frequency EMP [20]. To our knowledge a residual
capacitance under non-QH conditions, has not yet been
observed.
From an electro-optic imaging technique employing a
5 kHz sample potential modulation a penetration length
of order 100 µm was observed [9]. This length was as-
sociated with a surprisingly large and unexplained edge
channel width. Possibly, this length might correspond to
the classical length ℓ discussed in the present work (ℓ ∼
100 µm for σxx ∼ 10
−10 Ω−1 at 5 kHz).
In conclusion, it is shown that capacitive coupling via
a 2DES can occur through the Hall-effect. The cou-
pling persists, even if σxx is zero, provided that there
is a smooth density profile near the edge, which for real
systems must always be the case. The underlying prin-
ciples are the same that are responsible for edge magne-
toplasmons, which propagate better the smaller σxx. All
observations can be understood from the local conduc-
tivities alone, without explicitly appealing to additional
quantum mechanical concepts such as quantized energy
levels, Quantum Hall Effect or edge channels.
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